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Edited by Christian GriesingerAbstract We investigate in detail the structural properties of
the monomeric peptide fragment that corresponds to residues
21–31 of b2-microglobulin. As a ﬁrst step towards the under-
standing of the mechanism of the amyloid formation, we have
performed a replica-exchange molecular dynamics simulation
of this peptide with explicit water molecules. We analyze various
structural properties as functions of temperature. Although the
corresponding part of the native protein is a fully extended b-
strand, our results show that b-hairpin structures are formed with
high frequency around 310 K. We conjecture that this b-hairpin
formation is closely related to the amyloid ﬁbrillogenesis.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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b2-Microglobulin-related amyloidosis is a serious disease
which is seen in patients who undergo hemodialysis for a long
time [1]. Amyloidosis is the general term for diseases in which
depositions of amyloid ﬁbrils occur. Alzheimers disease, mad-
cow disease, etc., are also well-known examples of amyloido-
sis. It is considered that amyloid ﬁbrils have a relation to the
origin of these diseases. However, complete elucidation of
the mechanism of the amyloid ﬁbrillogenesis and the deposi-
tion of the amyloid ﬁbrils remains an open question. Recent
studies on several amyloid ﬁbrils revealed that the protoﬁbrils
consist of b-sheets [2], where the peptide chain runs perpendic-
ular to the long axis of the ﬁbril. Therefore, to investigate the
mechanism of the formation of b-sheets would give us a clue to
the mechanism of amyloid formation.
As for b2-microglobulin (b2m) in vitro, they form amyloid
ﬁbrils at an acidic condition [3]. The essential regions respon-
sible for the amyloid ﬁbril formation have been intensively
investigated [4–6]. The frequency of the amyloid ﬁbril forma-
tion has been examined for fragments of b2-microglobulin,*Corresponding author.
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doi:10.1016/j.febslet.2005.08.068and among them the peptide fragment that corresponds to res-
idues 21–31 was identiﬁed as one of the essential regions [6]. In
the experiments of the peptide fragment [6], the formation of
amyloid ﬁbrils was observed within a couple of days in both
acidic and neutral conditions.
Fibrillogenesis may occur as a result of condensation of a
large number of the peptide fragments. From a microscopic
(dynamical) viewpoint, it would be important to elucidate
not only the structural properties of the aggregate but also
those of the constituents, i.e., monomer, dimer, etc. Whether
the structure of the monomeric peptide fragment in water sol-
vent is maintained in the aggregate has been unknown. If the
structure is changed, the elucidation of how the change is in-
duced during the aggregation will give us a new insight of
the amyloid formation process.
Computer simulations have the advantage of tracing the
coordinates of all atoms for a small number of peptides with
solvent, although it is not feasible to deal with many peptides
with explicit water solvent in commonly available computation
time. Thus, as a ﬁrst attempt, we have performed a simulation
of the monomeric fragment with explicit water solvent and in-
deed observed b-hairpin formations.
There already exist many simulation studies of b-hairpin
structures of other peptides both in implicit solvent [7–12]
and in explicit solvent [13–17] of all-atom models. However,
only several cases observed direct b-hairpin formations from
random initial conformations [7–9,15–17]. The diﬃculty comes
from the fact that conventional simulations based on molecu-
lar dynamics (MD) and Monte Carlo (MC) methods tend to
get trapped in states of energy local minima. In order to over-
come this diﬃculty, we employ the generalized-ensemble algo-
rithms (for a review, see [18]).
These algorithms are based on non-Boltzmann probability
weight factors so that a random walk in potential energy space
is realized. Among them we adopt the replica-exchange MD
method (REMD) [19] in which the replica-exchange method
(REM) [20] is extended to MD simulations.
We have studied the structures of the peptide fragment of b2-
microglobulin in explicit water solvent by a REMD simula-
tion. Especially, we focused on the formation of backbone
hydrogen bonds, which compose secondary structures. We
analyzed the b-hairpin formations as a function of tempera-
ture. The residue-number dependence of b-hairpins was alsoblished by Elsevier B.V. All rights reserved.
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5426 M. Nishino et al. / FEBS Letters 579 (2005) 5425–5429studied in order to identify the locations of constituent b-
strands. We found that b-hairpin structures are realized with
high frequency around 310 K, where the temperature depen-
dence shows non-monotonic behavior. Detailed analysis of
the b-hairpin structures will be given.
In Section 4, we will extend the discussion of the b-hairpins
to the aggregate referring to related experiments. There, we
will present a possible scenario of amyloid ﬁbril formations
based on the b-hairpin structures.0
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Fig. 1. Temperature dependence of the probability Pn to form n b-
bridges. The statistical errors of Pn at the low temperature region
(<400 K) and the high temperature region (>400 K) are, respectively,
0.025 and 0.011 for P1, 0.012 and 0.011 for P2, and 0.013 and 0.006 for
P3. These were calculated as follows. We divided the total sampling
time (3 ns) into 6 time spans (0.5 ns times 6), and we estimated the
errors by the standard deviation of the averages divided by the square
root of 5.2. Materials and methods
In the present work, we performed a replica-exchange molecular
dynamics (REMD) simulation [19]. The details of REMD can be
found in, e.g. [18,19]. In order to investigate the secondary-structure
formations of the peptide, we used the DSSP method [21]. In the DSSP
method, a b-bridge is a unit for a b-sheet: repeated bridges compose
ladders and connected ladders compose sheets. A b-bridge is deﬁned
for a pair of residues by the formation of two backbone hydrogen
bonds (one b-bridge corresponds to two hydrogen bonds).
In the present work, we study the peptide fragment that corre-
sponds to residues from 21 to 31. The amino-acid sequence of the
peptide is given by NFLNCYVSGFH. The N-terminus and C-termi-
nus were chosen as NHþ3 and COO
, respectively, and histidine was
made neutral with no delta hydrogen following the PDB data of
the native protein (PDB code: 1jnj). A random structure of the pep-
tide in a water cap was taken as the initial conﬁguration for the sim-
ulation. AMBER96 force ﬁeld [22] was adopted for the peptide,
because it is known to be good for studying proteins with b-sheet
structures [16]. The radius of the water cap was set at 21 A˚ (the total
number of water molecules was 1205). TIP3P [23] was used for the
potential function of water.
We used 64 temperatures (and 64 replicas) between 250 and 700 K,
where 64 temperatures are exponentially distributed [19]. The REMD
simulation was performed over 4.3 ns with the time step 1.0 fs. Replica
exchange was tried every 50 MD steps. The coordinates were stored
every 1000 MD steps after 1.3 ns for getting the equilibrium (the total
number of such sets is thus 3000 per each replica), where the frequency
of b-hairpin formations has steady time dependence.3. Results
We ﬁrst check whether the present replica-exchange simula-
tion performed properly or not. For this purpose we examined
the acceptance ratios of replica exchange between pairs of
neighboring temperatures. In order to have optimal perfor-
mance of replica exchange, we have to have uniform and suf-
ﬁciently large (say, >0.1) values of acceptance ratios. The
values were rather uniform and large enough (0.2–0.5) to real-
ize eﬃcient replica-exchange simulation. We observed random-
walk behavior in the temperature space (or replica space)
where every replica took the lowest and highest temperature
values many times. We also checked that the probability distri-
bution at each temperature has a bell shape, which is typical to
the canonical distribution, and large overlap with those at
neighboring temperatures.
We now investigate the frequency of the b-hairpin forma-
tions. We use the DSSP criterion to judge the presence of
b-hairpin structures by the formations of b-bridges. Fig. 1
shows the temperature dependence of the probabilityPn to form
n b-bridges, which consist of 2n residues (n = 1,2,3). Contribu-
tion of more than three b-bridges is negligible. We thus consider
P = P1 + P2 + P3 to be the probability for b-hairpin formations.
We ﬁnd that P = 0.31 at 309.2 K which is the experimental tem-
perature (37 C) [6]. Hence, b-hairpin structures are realizedwith relatively high probabilities although the peptide fragment
is rather short. If conﬁrmed by experiments, this peptide frag-
ment will be one of the shortest peptides that form b-hairpins.
We see in Fig. 1 a relation: P1 > P2 > P3 in all temperature re-
gions. This indicates that the structure of the peptide fragment
is ﬂuctuating due to the eﬀects of the thermal ﬂuctuations.
It is worth noting that non-monotonic temperature depen-
dence is observed. All Pn (n = 1,2,3) have peaks around
310 K and decrease in both directions of temperature change.
We can interpret these results as follows. The monotonic tem-
perature dependence for low contact-order structures [24] (a-
helix) is due to the cooperativity of short-range interactions.
The situation for high contact-order structure (b-hairpin) is
more complicated. At low temperatures the adjustment of
long-range interactions is more diﬃcult because of lack of
large conformational changes at these temperatures. This tem-
perature dependence of b-hairpin formations is in stark con-
trast to that of a-helix formations, where the probability is
monotonically decreasing as a function of temperature [25].
The situation is also similar to that of cold denaturation [26].
We now analyze the contribution of each residue to the b-
bridge formation. We number the residues NFLNCYVSGFH
from 1 to 11. In Fig. 2, the average probability P(i) of the ith
residue to be a constituent of some b-bridge is shown at several
temperatures ranging from 250 to 700 K. The probability P(i)
denotes the frequency of the ith residue to take part in some b-
bridge. Because two residues constitute a b-bridge, P(i) has the
following relation to Pn in Fig. 1:
X11
i¼1
P ðiÞ ¼
X
n¼1
2nPn; ð1Þ
for any temperature.
In Fig. 2, we ﬁnd that the ﬁrst residue (N) does not contrib-
ute to the b-bridge formation and the ﬁnal residue (H) has little
contribution. This is because the terminal carbonyl and amide
groups will be more mobile than the other carbonyl and amide
groups because they are aﬀected more by solvent. The second
residue (F) has the largest contribution to the b-bridge forma-
tion at low temperatures (<400 K).
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Fig. 2. Average probability P(i) of the ith residue to be a constituent of
any b-bridge. Temperature dependence of P(i) is also shown for
T = 250.0, 299.2, 352.4, 401.6, 594.5, and 700.0 K. The statistical errors
are shown by error bars at T = 299.2, 401.6 and 700.0 K.
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higher probabilities than those at 250.0 K. As compared with
P(i) at 250.0 K, P(i) at 299.2 K is larger on the whole and this
reﬂects larger Pn at 299.2 K in Fig. 1. Here, we investigate
which residue is most aﬀected by the temperature change.
We ﬁnd the following descending order of the probabilities:
P(2) > P(10) > P(3) > P(8) at 299.2 K and P(2) > P(3) > P(8)
> P(10) at 250.0 K. The reduction of P(10) (F) at 250.0 K from
P(10) at 299.2 K is remarkably large. This may have a causal
relation to suppress generation of b-bridges below 310 K.
We ﬁnd in Fig. 2 that there are three prominent regions of
residues at low temperatures (<400 K): A (residues 1–4), B
(residues 5–7), and C (residues 8–11). When the temperature
is increased, the probabilities for groups A, B, and C become
small and residue-independent. We estimate quantitatively
the contribution of each group to b-bridge formation. Sum-Table 1
Probabilities of the residue pairs in n (=1,2,3) b-bridges at 299.2 K
n Pairs (i1  j1,i2  j2,  ) pn(i1  j1,i2  j2,. . .)
1 2–6 0.224
3–10 0.211
2–8 0.182
3–8 0.078
6–9 0.061
4–10 0.041
4–8 0.037
5–10 0.032
4–9 0.026
Rest 0.108
2 5–10, 6–9 0.303
2–8, 3–7 0.138
2–11, 3–10 0.138
3–10, 4–9 0.106
2–9, 3–8 0.086
2–10, 3–9 0.073
Rest 0.156
3 2–11, 3–10, 4–9 0.573
2–10, 3–9, 5–8 0.371
Rest 0.056ming up P(i) within each group at T = 299.2 K, group A has
0.328 ± 0.027 (=P(1) + P(2) + P(3) + P(4)), B 0.162 ± 0.025
(=P(5) + P(6) + P(7)), and C 0.346 ± 0.026(=P(8) + P(9) + P
(10) + P(11)), where the error bars are also given. Groups A
and C have larger contribution to b-bridge formation than
group B.
We here examine the constituent residue pairs of the b-
bridges in detail. In Table 1, we list the probabilities
pn(i1  j1, i2  j2, . . ., in  jn) of the residue pairs which compose
the b-bridges in the n b-bridge structures. Here,
i1  j1,i2  j2, . . ., injn stand for residue pairs. The following
relation is satisﬁed for n b-bridge structures:
X
i1 ;j1
X
i2 ;j2
. . .
X
in ;jn
pnði1  j1; i2  j2; . . . ; in  jnÞ ¼ 1. ð2Þ
Therefore, for example, the frequency of the i1  j1 and i2  j2
pairs is given by P2 · p2(i1  j1, i2  j2), where P2 is the proba-
bility for two b-bridges.
In Table 1, the probability p1(2–6) is the largest (0.224). One
b-bridge is formed between groups A and B in this case. There
exist several comparable contributions, p1(3–10), p1(2–8), etc.,
and these bridges are formed between groups A and C. Thus,
one b-bridge is formed mostly between A and C.
As for structures with two b-bridges, the probability p2(5–
10, 6–9) is the largest (0.303). These two b-bridges are formed
between groups B and C. The other probabilities are less, but
most of two b-bridges are formed between groups A and C. As
for the case with three b-bridges, p3(2–11, 3–10, 4–9) has a
dominant contribution and these bridges are formed between
regions A and C. b-bridges tend to form between regions A
and C regardless of the number of b-bridges (n). In the case
of larger n, the constituent pairs of the b-bridges have less com-
binations of pairs. For instance, when n = 3, only two combi-
nations constitute more than 90%.
Finally, we examine the b-hairpin structures that were ob-
tained by the present simulation. Snapshots with two and three
b-bridges are shown in Fig. 3. These three cases are chosen: (a)
2–8, 3–7, (b) 3–10, 4–9, (c) 2–10, 3–9, 4–8. These are indeed
typical b-hairpin structures. It is remarkable that these struc-
tures were obtained by a simulation in explicit solvent, which
was started from a random initial conformation.4. Discussion
We have investigated the monomeric structures of the pep-
tide fragment of b2-microglobulin with explicit water solvent
by using the replica-exchange molecular dynamics. We found
that b-hairpin structures with turns around the central part
(around residues 5–7) are realized with a relatively high prob-
ability (more than 30%) at low temperatures although such a
small peptide usually does not exhibit any secondary struc-
tures.
As far as we know, there are only two cases of simulations in
explicit solvent that reached b-hairpin structures from random
initial conformations [15,16]. This is because the time scale of
b-hairpin formations is about 6 ls [27], which is orders of mag-
nitude more than commonly available computation time. One
needs powerful simulation techniques such as generalized-
ensemble algorithms to accelerate sampling eﬃciency, and
the above two articles are the results of generalized-ensemble
Fig. 3. Typical structures of the b-hairpins. These three cases are
chosen: (a) 2–8, 3–7, (b) 3–10, 4–9, (c) 2–10, 3–9, 4–8. The white dashed
lines denote hydrogen bonds.
a b c d
fibril axis
Fig. 4. Conceptual image of the extension of the b-hairpins.
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hairpin formations in explicit solvent from a random initial
conformation.
The temperature dependence of the probability of the b-
bridge formation shows non-monotonic behavior. The proba-
bilities of n (=1,2,3) b-bridges have peaks around 310 K in
contrast to the frequency of a-helix which is a monotonic
decreasing function of temperature [25]. This diﬀerence may
be attributed to the facts that the cooperativity of short-range
interaction plays an important role in a-helix and that the
cooperativity of both short-range and long-range interactions
is necessary for b-bridges, which is more diﬃcult at low tem-
peratures than at medium temperatures.
It has been pointed out in the experiments of b2m [28] that
the amyloid ﬁbrillogenesis has also non-monotonic tempera-
ture dependence: low ﬁbrillogenesis at very low temperatures,
high ﬁbrillogenesis at middle temperatures, and low ﬁbrillo-
genesis at high temperatures. This non-monotonic temperature
dependence is similar to that of the frequency of the b-hairpins
in this study.In the study [29] of NMR measurement on Ab1–40 which is
also known to form amyloids, the possibility was presented
that peptides of Ab1–40 with a bent hairpin-like structure form
a amyloid ﬁbril. The possibility of the bent structure was also
suggested by MD simulations [30]. There, the hairpin-like
structures do not have intra-peptide hydrogen bonds like b-
hairpins in this study and they are connected by inter-peptide
hydrogen bonds to form parallel b-sheets. Thus the b-sheet
plane is perpendicular to the plane of the b-hairpin-like
structure.
However, considering the similar temperature dependence
between the frequency of b-hairpins of the peptide fragment
and the amyloid ﬁbrillogenesis of b2m, and the b-hairpin for-
mations are realized with the highest frequency around
310 K which is the experimental temperature of the amyloid ﬁ-
bril formation of residues 21–31 [6], b-hairpin structures may
play an important role in the amyloid formation of the peptide
fragment. Naturally, it is necessary for more rigorous investi-
gation to compare the temperature dependence of the fre-
quency with that of the amyloid ﬁbrillogenesis of the peptide
fragment, which we would like to encourage experimentalists
to observe. Thus, the following scenario may be considered
as one of the possible ones for the amyloid ﬁbril formations.
Multiple b-hairpins are placed in a plane in either parallel or
anti-parallel manner, as shown in Fig. 4. These b-hairpins
are mutually connected by hydrogen bonds, constituting b-
sheet structures. Here, the plane of b-hairpins and the b-sheet
plane are parallel to each other. Extended such b-sheet struc-
tures will form amyloid ﬁbrils. Namely, the ﬁbril axis is per-
pendicular to the b-strands of the b-hairpins.
There exist recent IR spectroscopy experiments of the same
peptide fragment, which suggest that this peptide fragment
forms a single b-strand and that these b-strands are stretched
together either in parallel or anti-parallel manner to form amy-
loid ﬁbrils [31]. The present simulation results appear to con-
tradict with these experimental ones. Namely, we predicted
formations of b-hairpins, which are composed of two b-
strands and a b-turn, while the experiments suggest formations
of a single b-strand in the peptide fragment. This discrepancy
can be reconciled if b-hairpins are unfolded into a single b-
strand when multiple b-hairpins get close to one another and
then form amyloid ﬁbrils. In order to conﬁrm this possibility
we have to perform simulations of more than one peptide frag-
ments, which will be our future work.
The experiments in [31] are based on IR spectroscopy, which
cannot give direct information on distances between pairs of
atoms. Indeed, some of the bands are also consistent with
the presence of a b-turn [31]. We therefore welcome further
experiments based on NMR or X-ray diﬀraction techniques,
which can give direct distance information between pairs of
M. Nishino et al. / FEBS Letters 579 (2005) 5425–5429 5429atoms. These experiments should be performed both before
and after amyloid ﬁbril formations.
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